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We explore, in the context of AdS/CFT correspondence, the causality constraints on
the Noncritical Einstein-Weyl (NEW) gravity model in five dimensions. The scalar and
shear channels are considered as small metric perturbations around an AdS black brane
background. Our results show that causality analysis on the propagation of these two
channels imposes a new bound on the coupling of the Weyl-squared terms in the NEW
gravity. This new bound imposes more stringent restrictions than those of the tachyon-
free condition, improving predictive power of the theory.
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1. Introduction
Recently much attention has been paid to topologically massive gravity1 in three
dimensions. The model contains a massive spin-2 mode in addition to the usual
massless graviton. The situations are changed after a special Chern-Simons coupling
has been chosen. The extra massive spin-2 mode becomes massless, and the model
reduces to the standard Einstein gravity after truncating out the logarithmic fall-off
modes by imposing an appropriate boundary condition 2. Therefore, the model is
a toy model for a quantum theory of gravity due to its possibly well-controlled UV
behaviour.
A recent generalization of this “critical” theory to four 3 and higher dimensions
4 results in a model known as “critical gravity”. This is a theory of gravity which
includes Einstein-Hilbert term, cosmological constant and Weyl-squared terms in
its action. In this model a special value (critical point) of the coupling of the Weyl-
squared terms is chosen so that the massive spin-2 mode becomes a logarithmic
mode. The new model presents many remarkable properties: (i) The model is per-
turbatively renormalizable since the action includes curvature-squared corrections
as studied in detail in 5; (ii) Due to the special coupling of Weyl-squared terms, the
model contains a massless graviton and a logarithmic mode, which distinguishes it
1
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from most of models with higher derivative terms; (iii) The massless graviton has
zero on-shell energy, making the theory trivial. More recent discussion on this model
can be found in a lot of literature 6∼27.
Recent progress17,28 shows that by abounding the severe constraint imposed
on the value of the coupling, one can generalize critical gravity to the so-called
Noncritical Einstein-Weyl (NEW) gravity. This is a wider class of Weyl-squared
extensions to Einstein gravity with cosmological constant. The value of the Weyl-
squared coupling in this model is no longer fixed at the critical point, instead it
relaxes to a certain range with which the massive mode in the AdS background is
still tachyon-free. While this mode is still ghostlike, it can be truncated by imposing
appropriate boundary conditions since this massive mode falls off more slowly than
the massless graviton. Then only the massless graviton survives in this theory and
this mode, different from critical gravity, has the positive excitation energy.
Inspired by the remarkable observation in 29, authors of 30,31 showed that the
theory may also have the same physics as Einstein gravity on AdS background. They
found that the effective Lagrangian of NEW gravity is identical with the one of Ein-
stein gravity up to the rescaling of Newton’s constant. From the perspectives of the
AdS/CFT correspondence 32, the classical equivalence between NEW gravity and
Einstein gravity tells us that the corresponding dual conformal field theories(CFT)
are equivalent classically in the large N limit. Holographic description of this theory
has been investigated partially in 30,31.
One important progress for the application of the AdS/CFT correspondence is
that inclusion of higher-order curvature terms in the Einstein-Hilbert action may
possibly introduce the superluminal propagation of boundary perturbations 33∼40.
In order to preserve causality at the boundary, constraints have to be imposed on the
couplings of the higher-order terms. It was first realized by Horman and Maldacena
in 41 and then by Buchel and Myers in 37 that the causality constraints are closely
related to the constraintsa imposed on the ratio of the central charges, a/c, in the
dual CFT.
In this paper we would like to consider the causality constraints, in the context
of the AdS/CFT correspondence, on the couplings of the Weyl-squared terms. Our
calculation are performed in the gravity side, by studying their metric fluctuations
around an AdS black brane background. Our results show that to preserve the
causality at the boundary, new bounds on the Weyl-squared couplings are intro-
duced.
The rest of the paper is organized as follows. In the next section we give a
brief review on the Einstein-Weyl gravity, and the bounds on the Weyl-squared
coupling are given by requiring that the massive mode is tachyon-free. In section
three we find an approximate black brane solution to the NEW gravity model.
In section four we consider a small metric fluctuations around the black brane,
aThis constraints come from the requirement that the energy measured in calorimeters of a collider
physics experiment should be positive41.
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and a set of linearized wave equations are obtained for tensor-type and vector-type
perturbations. In section five causality constraints on the couplings are discussed
for both the scalar channel and shear channel. Conclusions and discussions are
presented in the last section.
2. Noncritical Einstein-Weyl Gravity: A Brief Review
In this section we would like to give a brief review on NEW gravity. The starting
point is a gravitational action containing higher curvature correction terms. We
generally pay much attention to the quadratic corrections only. The most general
quadratic gravity model with a cosmological constant is given by
I =
∫
dDx
√−g
[
1
κ
(R− 2Λ) + αR2 + βRµνRµν + γLGB
]
, (1)
where κ = 16πG and LGB is the Gauss-Bonnet term
LGB = RµνρσRµνρσ − 4RµνRµν +R2.
This term can be generated from the low energy effective theory of heterotic and
bosonic string theory, and it is a topological invariant in four dimensions.
It is straightforward to show that the equations of motion that follow from the
action (1) are
Rµν − 1
2
gµνR+ gµνΛ = κT
eff
µν , (2)
where
T effµν =
α
2
(
gµνR
2 − 4RRµν + 4∇ν∇µR− 4gµνR
)
+
+
β
2
(
gµνRρσR
ρσ + 4∇α∇(νRµ)α − 2Rµν − gµνR− 4RαµRαν
)
+
+
γ
2
(
gµνLGB − 4RµαβγRναβγ − 4RRµν + 8RαµRαν + 8RαβRµανβ
)
,
(3)
with ∇ the covariant derivative and  ≡ ∇2 the d ’Alembert operator. For Eintein-
Weyl gravity, we have
α = − D(D − 3)γ
(D − 1)(D − 2) , β =
4(D − 3)γ
D − 2 ,
and the action reduces to
S =
∫
dDx
√−g
[
1
κ
(R− 2Λ) + γCµνρσCµνρσ
]
, (4)
where Cµνρσ is the Weyl conformal tensor and satisfies
CµνρσC
µνρσ = RµνρσR
µνρσ − 4
D − 2RµνR
µν +
2
(D − 1)(D − 2)R
2. (5)
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The equation of motion following this action then becomes
Rµν − 1
2
gµνR+ gµνΛ = κT
Weyl
µν , (6)
where
TWeylµν = γ
{
− 1
(D − 1)(D − 2)R(4Rµν − gµνR)−
2
D − 2[gµνRρσR
ρσ − 2(D − 2)RρµRρν ]
+
2(D − 3)
(D − 1)(D − 2) [gµνR+ (D − 2)∇µ∇νR]−
4(D − 3)
D − 2 Rµν
+
1
2
gµνRρσλκR
ρσλκ − 4(D − 4)
D − 2 R
ρσRµρνσ − 2RµρσγRνρσγ
}
. (7)
One of the biggest issues with Einstein-Weyl gravity theory, just like most of the
higher derivative theories b, is the presence of ghosts, which point to instabilities of
the quantum version of the theory. To see this clearly, we note that the Einstein-
Weyl theory admits AdS spacetime as the vacuum solution g¯µν of the field equations,
and we have
R¯ =
2D
D − 2Λ, R¯µν =
2Λ
D − 2 g¯µν , R¯µνρσ =
2Λ
(D − 1)(D − 2)(g¯µρg¯νσ−g¯µσ g¯νρ). (8)
By considering the metric fluctuations around this AdS vacuum gµν = g¯µν + hµν ,
we obtained linearized equation of motion(
¯− 4Λ
(D − 1) (D − 2) −M
2
)(
¯− 4Λ
(D − 1) (D − 2)
)
hµν = 0, (9)
where ¯ = ∇¯2 with ∇¯ the covariant derivative with respect to g¯µν and M2 in (9)
is defined as
M2 ≡ − D − 2
4(D − 3)
(
1
κγ
− 8(D − 3)Λ
(D − 1)(D − 2)
)
= m2 − D − 2
L2
, (10)
where L is the radius of the AdS space and
m2 ≡ − D − 2
4(D − 3)κγ .
Note that in deriving (9) the transverse and traceless gauge, which is consistent
with the equation of motion, has been used
∇¯µhµν = 0, h = 0. (11)
As a consequence, the fourth order differential equation (9) of the Einstein-Weyl
gravity consists of a massless mode h
(m)
µν and a massive mode h
(M)
µν which satisfy,
respectively, the wave equations(
¯− 4Λ
(D − 1) (D − 2)
)
h(m)µν = 0, (12)(
¯− 4Λ
(D − 1) (D − 2) −M
2
)
h(M)µν = 0. (13)
bGhost-free conditions for higher derivative theories are discussed recently in 42.
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In a special case where M2 = 0, i.e.
m2 =
D − 2
L2
or γ = − L
2
4(D − 3)κ, (14)
the two linearized equations of motion degenerate. This case is generally called
critical gravity3,4. The second mode solution in this case is no longer massive,
instead, it becomes a logarithmic mode in the sense that this mode h
(L)
µν satisfies a
quadratic differential equation,(
¯− 4Λ
(D − 1) (D − 2)
)2
h(L)µν = 0. (15)
It is generally believed that the logarithmic mode can be truncated by imposing
a suitable boundary condition at the conformal boundary due to the fact that
the logarithmic mode falls off more slowly than massless mode as it approaches
the boundary. Recent progress3,27 shows, however, that Einstein-Weyl gravity at
the critical point seems to be trivial since the massless mode has zero energy of
excitations. As a consequence, particular attention has been paid to the case with
− (D−3)24L2 ≤ m2 < D−2L2 where the theory is still tachyon-free since it is above the
Breitenlohner-Freedman bound43c. In this case, we notice that the massive mode
falls off less rapidly at the boundary than massless mode since M2 < 0. Therefore,
one can truncate the massive mode by imposing suitable boundary condition as
before and the massless mode with non-zero excitation energy survives only. In
what follows, we mainly focus on the Einstein-Weyl gravity with this coupling, i.e.,
− L
2
4(D − 3)κ < γ ≤
(D − 2)L2
(D − 3)3κ . (16)
The Einstein-Weyl gravity with this coupling is often referred to as NEW gravity.
3. AdS Black Brane in NEW Gravity
In this section we would like to find an AdS black brane solution to the NEW
gravity. Owing to the fact that the field equations of Einstein-Weyl gravity are a
cThis is a bound above which the negative mass for a bulk field in AdS background will not lead
to any instabilities. To obtained the expression for this bound, one can first rewrite Eq.(13) as
a standard Schro¨dinger equation by making a Fourier transformation. Then suitable boundary
condition should be imposed so that we have a normalizable solution to the AdS wave equation.
Once we do so, we find that for any α = M2 − (1 − (D − 1)2)/4 > −1/4 we cannot find a
normalizable negative-energy state on which the Schrodinger operator is Hermitian. Therefore we
obtain the bound 43
M2 ≥ −
(D − 1)2
4L2
.
Equivalently, we have the bound for m2
m2 ≥ −
(D − 3)2
4L2
.
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set of fourth order differential equations, it is generally quite hard to obtain their
exact solutions. There are some exact solutions of pure conformal gravity (i.e., the
limited case of Einstein-Weyl gravity when γ goes to infinity) in four dimensions
in the literatures, say 44. However, it is very difficult to obtain an exact solution
to NEW gravity with the presence of Ricci scalar and cosmological constant in any
dimension. For simplicity, we find our AdS black brane solution approximately.
At the beginning, we note that for the following Einstein-Hilbert action with
negative cosmological constant
I =
1
κ
∫
dDx
√−g (R− 2Λ) , (17)
there is an AdS black brane solution in Poincare´ coordinates
ds2 =
1
z2
(−f(z)dt2 + d~x2
L2
+
L2dz2
f(z)
)
, (18)
where
f(z) = 1−
(
z
z0
)D−1
, (19)
with z0 the horizon of the black brane.
The corrected black brane metric of the NEW gravity can be obtained by noting
that all terms in TWeylµν are higher order corrections as shown in (7). Hence one
can calculate TWeylµν by substituting the unperturbed metric (18). A perturbatively
approximate solution of the field equation (6) calculated in this way is given by (for
details, see Appendix B in 33)
ds2 =
1
z2
(−N2f(z)dt2 + d~x2
L2
+
L2dz2
f(z)
)
(20)
where N2 is a constant whose value will be determined later and
f(z) = 1−
(
z
z0
)D−1
+ λ
(
z
z0
)2(D−1)
(21)
with λ a dimensionless constant
λ =
(D − 3)(D − 4)
L2
κγ.
If we change the variable z to u as
u =
(
z
z0
)D−1
2
,
we obtain the following metric
ds2 =
−N2f(u) dt2 + d~x2
L2z20 u
4
D−1
+
4L2
(D − 1)2
du2
u2f(u)
, (22)
where f(u) now becomes
f(u) = 1− u2 + λu4. (23)
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In these coordinates, u = 0 is the boundary of the AdS space, and the horizon
of the black brane is at
uH ≃ 1 + λ
2
(24)
Taking the limit λ → 0, the solution corresponds to Schwarzschild-AdS space-
time.
To determine the value of the constant N2 in the metric (22), we notice that
the space-time geometry of the background at the boundary would reduce to flat
Minkowski metric conformally, i.e. ds2 ∝ −c2dt2 + d~x2. On the boundary r → ∞,
we have
N2f(u→ 0)→ 1,
so that N2 is found to be
N2 = 1, (25)
by specifying the boundary speed of light to be unity c = 1. Therefore, the metric
of the black brane in (22) is now of the form
ds2 =
−f(u) dt2 + d~x2
L2z20 u
4
D−1
+
4L2
(D − 1)2
du2
u2f(u)
. (26)
This is the AdS black brane solution which will be mainly considered in the follow-
ing.
4. Linearized Wave Equation in the AdS Black Brane Background
To see the propagation of the transverse graviton, in this section we shall consider
small metric fluctuations hµν around the AdS black brane background (26)
gµν ≡ g(0)µν + hµν , (27)
where the background metric g
(0)
µν is given in (26). To the first order of the metric
perturbation, one can define an inverse metric as
gµν = g(0)µν − hµν +O(h2), (28)
and the indices are raised and lowered by using these background metric g
(0)
µν and
g(0)µν . We also denote a trace part of the metric and a field strength for the per-
turbative parts as h ≡ g(0)µνhµν .
Now we would like to think of a linearized theory of the symmetric tensor field
hµν propagating in the AdS black brane background. To the first order of hµν , the
Einstein equation (6) can be written as
R(1)µν −
1
2
g(0)µνR
(1) − 1
2
hµνR
(0) + hµνΛ = κT
(1)
µν (29)
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In the expression above, the scalar curvature R(0) is constructed by using the back-
ground metric g
(0)
µν and the following tensors are newly defined:
R(1)µν =
1
2
(
∇ρ∇µhνρ +∇ρ∇νhµρ −∇2hµν −∇µ∇νh
)
, (30)
R(1) = ∇µ∇νhµν −∇2h− hµνR(0)µν , (31)
where ∇ is the covariant derivative with respect to the unperturbative AdS back-
ground g
(0)
µν . In the right hand side of (29), T
(1)
µν denotes the linearized terms of
TWeylµν in (6). The explicit expression for T
(1)
µν is given in Appendix (Appendix A).
It is obvious that the linearized wave equation (29) in general includes deriva-
tive terms with order higher than two which may make it difficult to study the
propagating graviton. Our strategy of finding a second order differential equation
is as follows. We first note that higher order (greater than 2) derivatives of the
metric fluctuations come from sources R(1), ∇µ∇νR(1) and R(1)µν in (A.4)-(A.6)
in appendix (Appendix A). It follows from equation (29) that one can replace R(1)
and R
(1)
µν approximately by their leading order values by taking λ→ 0 (or γ → 0),
R(1) ≃ R
(0) − 2Λ
2−D h (32)
R(1)µν ≃
1
2
(
R(0) − 2Λ
2−D
)
g(0)µν h+
1
2
R(0)hµν − Λhµν . (33)
In this way all derivatives become the second order
R(1) =
1
2−D
(
R(0)h+ 2∇µR(0)∇µh+ (R(0) − 2Λ)h
)
(34)
∇µ∇νR(1) = 1
2−D
(
∇µ∇νR(0)h+∇µR(0)∇νh+∇νR(0)∇µh+ (R(0) − 2Λ)∇µ∇νh
)
(35)
R(1)µν =
g
(0)
µν
4− 2D
(
R(0)h+ 2∇µR(0)∇µh+ (R(0) − 2Λ)h
)
+
+
1
2
(
R(0)hµν + 2∇µR(0)∇µhµν +R(0)hµν
)
− Λhµν . (36)
And the linearized equation of motion can be obtained by substituting the pertur-
bative metric.
Generally speaking, there are three types of metric perturbations: scalar pertur-
bation, vector perturbation and tensor perturbation. In the present paper, we shall
work in the huµ = 0 gauge and use the Fourier decomposition
hµν(t, x3, u) =
∫
dωdk
4π2
e−iωt+ikx3hµν(u),
where we choose the momenta to be along the x3-direction, and for the sake of
simplicity we have fixed D = 5 as an example d.
dHereafter we will pay our attention to the case with D = 5. Higher dimensions will be investigated
in the future.
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In this gauge, one can categorize the metric perturbations to the following three
types according to the O(2) rotation in the (x, y)-plane 45:
• tensor type (scalar channel): hx1x2 6= 0, hx1x1 = −hx2x2 6= 0, (others) = 0
• vector type (shear channel): hx1t 6= 0, hx1x3 6= 0, (others) = 0(
equivalently, hx2t 6= 0, hx2x3 6= 0, (others) = 0
)
• scalar type (sound channel): htz 6= 0, htt 6= 0, hx1x1 = hx2x2 6= 0, and
hx3x3 6= 0, (others) = 0
In what follows we mainly focus on the first two kinds of perturbations, leaving the
scalar type for future worke.
4.1. Tensor-type perturbation
In this subsection we pay our attention to the tensor-type perturbation. A nontrivial
equation of motion in (29) is coming from (x1, x2) component. In particular, we
mainly focus on the small metric fluctuation hx1x2(t, x3, u) ≡ φ(t, x3, u) around the
AdS black brane background(26) of the form
ds2 =
−f(u)dt2 + d~x2 + 2φ(t, x3, u)dx1dx2
L2z20u
+
L2du2
4u2f(u)
. (37)
According to the AdS/CFT correspondence, the fluctuation field φ(t, z, u) corre-
sponds to the component T12 of the energy-momentum tensor of the boundary
theory.
After using Fourier decomposition
φ(t, x3, u) =
∫
dωdk
4π2
e−iωt+ikzφ(u),
we can obtain the following linearized equation of motion for φ(u) from the equation
(29) for D = 5:
0 = φ′′(u) +
(
g′T (u) + 32κγu
3/2f
(
u−1/2f ′′(u)
)′
gT (u)
)
φ′(u)
+
ω¯2
uf2(u)
φ(u)− k¯
2Ck(u)
u2gT (u)
φ(u) + I(u)φ(u), (38)
where
gT (u) ≡ 3L2u−1f(u)
[
1− λ
6
(
96− 136f(u) + 74uf ′(u)− 20u2f ′′(u))] ,
Ck(u) = 3L
2
[
1− λ
6
(
96− 136f(u) + 106uf ′(u)− 28u2f ′′(u))] ,
eThe scalar type perturbation includes four independent fluctuation variables, governed by four
coupled wave equations. The complexity makes it much harder to consider in the present context.
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ω¯ ≡ z0L
2
2
ω, k¯ ≡ z0L
2
2
k,
and I(u) is a term independent of ω, k, φ(u) and its derivatives. The explicit ex-
pression of I(u) is not important in our following discussion.
4.2. Vector-type perturbation
In this case, nonzero small metric fluctuations are hx1t(x) 6= 0, hx1x3(x) 6= 0. For
convenience, we set hx1t (u) = g
(0)x1x1hx1t(u) = φ(u), h
x1
x3(u) = g
(0)x1x1hx1x3(u) =
ψ(u). Equivalently, the perturbative metric is given by
ds2 =
−f(u)dt2 + d~x2 + 2φ(t, x3, u)dx1dt+ 2ψ(t, x3, u)dx1dx3
L2z20u
+
L2du2
4u2f(u)
. (39)
Nontrivial equations in the equation of motion (29) appear from (t, x), (u, x) and
(x, z) components. It is not difficult to show that only two of these three linearized
equations are independent. Without loss of generality in the present paper we choose
equations coming from the (t, x) and (u, x) components. After making Fourier de-
compositions
φ(t, x3, u) =
∫
dωdk
4π2
e−iωt+ikx3φ(u),
ψ(t, x3, u) =
∫
dωdk
4π2
e−iωt+ikx3ψ(u),
they are in general of the following forms:
0 = φ′′(u) +A1(u)φ
′(u) +
(
A2(u)ω
2 +A3(u)k
2 +A4(u)
)
φ(u) +A5(u)kωψ(u),(40)
0 = ωφ′(u) + kf(u)ψ′(u) +
λL2
2
[
B1(u)ωφ
′(u) +B2(u)kψ
′(u)
+B3(u)ωφ(u) +B4(u)kψ(u)
]
, (41)
where Ai(u) and Bi(u) are some functions of u. Explicit expressions for A2(u),
A3(u), A5(u), B1(u) and B2(u), are given in Appendix (Appendix B). Expressions
for A1(u), A4(u), B3(u) and B4(u) are irrelevant to our discussion below where we
only focus on the large momenta limit.
Now we can combine the above set of equations into one third order differen-
tial equation for φ(u). This can be achieved by noting that ψ(u) in (41) has a
perturbative solution in terms of φ(u) as we expand it to the order of O(λ2),
ψ′(u) = − ω
kf(u)
φ′(u) +
λL2
2
[(
−ωB1(u)
kf(u)
+
ωB2(u)
kf(u)2
)
φ′(u) + · · ·
]
+O(λ2), (42)
where “· · · ” denotes terms that are irrelevant to our final results with the large
momenta limit. Differentiating (40) with respect to u and substituting (42) into it
we obtain
0 = φ′′′(u) + A˜2(u)ω
2φ′(u) +A3(u)k
2φ′(u) + · · ·+O(λ2), (43)
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where again “· · · ” are irrelevant terms to our results and
A˜2(u) = A2(u)− A5(u)
f(u)
+
3λz20L
8 (B2(u)−B1(u)f(u))
8uf(u)3gV (u)
, (44)
with gV (u) given in (B.4).
5. Causality Violation
It was shown that the causality could be violated if higher derivative terms are con-
sidered 34,?,36,37,38. In this section we analyze the causality violation of Einstein-
Weyl gravity and obtain the new constraint imposed on the coupling γ of the theory.
5.1. Tensor-type perturbation
We rewrite the wave function as
φ(t, x3, u) = e
−iωt+ikx3+ikuu, (45)
and take large momenta limit kµ = (ω, k, ku) → ∞. In the end, one can find that
the equation of motion (38) reduces to
kµkνgeffµν ≃ 0, (46)
where the effective metric is given by
ds2eff = g
eff
µνdx
µdxν =
f(u)
L2z20u
(
−dt2 + 1
c22
dx23
)
+
L2
4u2f(u)
du2. (47)
Note that c22 can be interpreted as the local speed of helicity-2 graviton:
c22(u) =
f2(u)Ck(u)
ugT (u)
. (48)
Inserting gT (u) and Ck(u) into above formula, we can expand c
2
2 near the boundary
u = 0,
c22 − 1 =
(
4λ− 3
20λ+ 3
)
u2 +O(u3). (49)
It was shown in 35 that for Gauss-Bonnet gravity the causality violation happens
when c2 > 1, i.e., the coefficient of u
2 is positive. This is because the geodesics which
starts at spatial infinity (the boundary) can bounce back to the boundary. From
AdS/CFT correspondence, it was pointed out that the superluminal graviton prop-
agation corresponds to the superluminal propagation of metastable quasiparticles
in the boundary CFT which leads to the microcausality violation in the boundary
CFT 35. To see it more clearly, we rewrite (38) in a Schro¨dinger form by introducing
a new radial coordinate y and α = ω¯/k¯,
−~2∂2yψ + U(y)ψ = α2ψ,
dy
du
= − 1
u1/2f(u)
, ~ ≡ 1/k¯, (50)
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Fig. 1: Local speed of helicity two modes c22 as a function of u with different λ.
where
φ =
1
K
ψ,
d
du
lnK ≡ g
′
T (u) + 16λL
2u3/2f
(
u−1/2f ′′(u)
)′
2gT (u)
− (u
1/2f(u))′
2u1/2f(u)
, (51)
and
U = c22 + ~
2U1.
The explicit expression for U1 is too complicated and is not necessary for our analysis
below. What is relevant is that in the limit ~ → 0 (as k → ∞), only for a tiny
region y & −1/k¯ (or y & 0) this term becomes important. As a consequence,
c2 > 1 indicates that the effective potential U > 1 in the Schro¨dinger problem (50),
implying that quasinormal spectra with Re(ω)/k > 1 exist in the large momenta
limit. According to AdS/CFT duality this corresponds to the presence of a pole
outside the boundary CFT light cone in the two-point function 46, and hence lead to
a violation of causality. Therefore, for NEW gravity, the causality violation appears
when (
4λ− 3
20λ+ 3
)
> 0, (52)
which indicates a constraint on λ
λ >
3
4
or λ < − 3
20
. (53)
However, we should be very careful to treat the results because as we derive the
results we have assumed λ is small. In other words, it is impossible to obtain an
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exact constraint on λ from an approximated metric. What can be obtained is an ap-
proximated constraint in our case. As a consequence, with the same approximation,
one has to expand the LHS of inequality (52) to order O(λ2),(
4λ− 3
20λ+ 3
)
= −(1− 8λ) +O(λ2) > 0, (54)
or equivalently,
λ &
1
8
. (55)
Our numerical plot (1) gives a visualized picture of the relationship between
local speed of helicity two modes and u with different value of coupling λ.
5.2. Vector-type perturbation
Similar to the above causality analysis of tensor modes, we rewrite the wave function
as
φ(t, x3, u) = e
−iωt+ikx3+ikuu, (56)
and take large momenta limit kµ = (ω, k, ku)→∞. The equation (43) then becomes
k2u + A˜2(u)ω
2 +A3(u)k
2 ≃ 0. (57)
Then it is straightforward that the local speed of helicity one modes is
c21 =
ω2
k2
= −A3(u)
A˜2(u)
. (58)
This leads to
c21 − 1 = −
(
3 + 64λ
3 + 52λ
)
u2 +O(u3). (59)
For the same reason as mentioned in tensor-type perturbations, we cannot obtain an
exact constraint on the coupling from this formula due to the approximated black
brane solution used in the paper. However we can have an approximated constraint
by assuming a small λ
3 + 64λ
3 + 52λ
≈ 1 + 4λ+O(λ2) < 0, (60)
or equivalently
λ . −1
4
. (61)
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6. Conclusions and Discussions
In this paper, we have shown when small metric fluctuations around an AdS black
brane in NEW gravity are considered, the propagations of the linearized modes
impose a new bound on the coupling of the Weyl-squared terms. Our analysis in
the present paper shows that the constraints for the scalar channel and shear channel
are given, respectively, by
scalar channel : λ .
1
8
, (62)
shear channel : λ & −1
4
. (63)
Combining the above two constraints with the tachyon-free condition (16) in five
dimensions, one leads to the following bounds on the Weyl-squared coupling, i.e.,
− 1
4
< λ .
1
8
, or − L
2
8κ
< γ .
L2
16κ
. (64)
It is clear that the new bound imposes more stringent restrictions than that of the
tachyon-free condition, improving predictive power of the theory.
It is expected that the sound channel would impose another bound on the cou-
pling. The reason is that it was noted in 41,37,36 that for Gauss-Bonnet gravity, the
upper bound of the Gauss-Bonnet coupling comes from the tensor-type perturba-
tions, and it is nothing but the lower bound of the ratio of two central charges a/c
in dual CFT. However, the lower bound, which comes from the scalar-type pertur-
bations, corresponds precisely to the upper bound of a/c. Although it is not fully
guaranteed to generalize this result to the NEW gravity, one still can expect that a
similar result can be achieved. We will leave this issue for our future work.
In the present paper, we carry out computations on the gravity side by consider-
ing small metric perturbations around an AdS black brane. It is of great interest to
compute our new bound in the context of thermal CFTs, as what did in 41 and 36.
This kind of computation is important in that, on one hand, it may provide an effec-
tive check of our results, on the other hand, it may be helpful to our understanding
about the whole picture.
We must emphasize that our calculations performed in this paper are approxi-
mately correct. To avoid solving fourth-order differential equations, we adopted an
approximate solution twice by taking the small λ (or γ) limit. Since the allowing
value of λ as given in (64) is small enough, it is safe to make this approximation (the
next order contribution would be of the order λ2 ∼ 10−2). In order that the result
is consistent under this approximation, one should be careful to treat the results
approximately to the same order. Although the results are approximately correct,
they are of particular importance in understanding the causality constraint on the
NEW gravity as what we see in our result. It may provide many important clues to
September 10, 2018 22:30 WSPC/INSTRUCTION FILE
NEW˙causality˙5d˙revised
15
the future investigation of the full analysis without any approximations.
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Appendix A. Expression for T (1)µν
In the expression (29), T
(1)
µν is of the form
T (1)µν = γ
{
1
(D − 1)(D − 2)
(
hµνR
(0)2 + 2g(0)µνR
(0)R(1) − 4R(1)R(0)µν − 4R(0)R(1)µν
)
−
− 2
D − 2
[
g(0)µν (RρσR
ρσ)
(1)
+ hµνR
(0)
ρσR
(0)ρσ − 2(D − 2) (RρµRρν)(1)
]
+
2(D − 3)
(D − 1)(D − 2)
[
g(0)µν (R)
(1) + hµνR
(0) + (D − 2)(∇µ∇νR)(1) − 2(D − 1)(Rµν)(1)
]
+
1
2
g(0)µν
(
RρσλκR
ρσλκ
)(1)
+
1
2
hµνR
(0)
ρσλκR
(0)ρσλκ − 4(D − 4)
D − 2 (R
ρσRµρνσ)
(1)
−2 (RµρσγRνρσγ)(1)
}
. (A.1)
where R(0), R
(0)
µν , R
(0)
ρσλκ and the covariant derivative are defined through the back-
ground metric g
(0)
µν . In (A.1) the following terms are given explicitly by
(RρσR
ρσ)
(1)
= 2R(0)µνR(1)µν − 2hµρR(0)νρR(0)µν , (A.2)
(RρµRρν)
(1) = R(1)ρµR
(0)ρ
ν +R
(0)ρ
µR
(1)
ρν − hρσR(0)σµR(0)ρν , (A.3)
(R)(1) = R(1) − hµν∂µ∂νR(0) + 1
2
∇µh · ∇µR(0), (A.4)
(∇µ∇νR)(1) = ∇µ∇νR(1) − 1
2
(∇νhρµ +∇µhρν −∇ρhµν)∇ρR(0), (A.5)
(Rµν)
(1) =
1
2
R(1)µν +
1
2
(∇ρ∇σhρµ −hσµ −∇ρ∇µhσρ)R(0)νσ
+
(∇σhρµ −∇ρhσµ −∇µhσρ)∇ρR(0)νσ − 12∇ρhρσ∇σR(0)µν
+
1
4
∇ρh∇ρR(0)µν −
1
2
hρσ∇ρ∇σR(0)µν + (µ↔ ν), (A.6)(
RρσλκR
ρσλκ
)(1)
= 2R(0)µνρσR(1)µνρσ − 4hµκR(0)µνρσR(0)κνρσ, (A.7)
(RρσRµρνσ)
(1)
= R(0)ρσR(1)µρνσ +R
(1)
ρσR
(0)
µ
ρ
ν
σ − hρκR(0)κσ
(
R(0)µρνσ +R
(0)
µσνρ
)
,(A.8)
(RµρσγRν
ρσγ)(1) = R(1)µρσγR
(0)
ν
ρσγ +R(1)νρσγR
(0)
µ
ρσγ −
−R(0)µρσγ
(
hρκR
(0)
ν
κσγ + hσκR
(0)
ν
ρκγ + hγκR
(0)
ν
ρσκ
)
, (A.9)
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where
R(1)κµσν = hρκR
(0)ρ
µσν+
1
2
[∇ν∇κhµσ −∇ν∇µhκσ −∇σ∇κhµν +∇σ∇µhκν + 2∇[σ∇ν]hκµ] .
Appendix B. Expressions for Ai(u) and Bi(u)
Expressions for Ai(u) (i = 2, 3, 5) are given respectively, by
A2(u) =
8λz20L
6
(
3− 4f(u)− u2f ′′(u) + 3uf ′(u))
uf(u)2gV (u)
, (B.1)
A3(u) =
3z20L
6
(
1 + λ6 (68u
2f ′′(u)− 218uf ′(u) + 296f(u)− 192))
4uf(u)gV (u)
, (B.2)
A5(u) =
3z20L
6
(
1 + λ6 (4u
2f ′′(u)− 26uf ′(u) + 40f(u)))
4uf(u)gV (u)
, (B.3)
where gV (u) is
gV (u) = −3L2 − λL
2
2
(
36u2f ′′(u)− 198uf ′(u) + 296f(u)− 192) . (B.4)
Expressions for Bi(u)(i = 1, 2) are given, respectively, by
B1(u) = −
2
(
14u2f ′′(u) + 3uf ′(u)− 20f(u))
3L2
, (B.5)
B2(u) = −
2
(−2u2f ′′(u) + 13uf ′(u)− 20f(u))
3L2
. (B.6)
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